Various compositions of mixture of silver (Ag) and nickel oxide (NiO) powders are studied for use as a cathode contact material in solid oxide fuel cell stacks. The addition of NiO is intended to mitigate Ag evaporation and maintain low resistivity of the contact material during stack operation. It is found that the mixture in the form of pellets consisting of 20 mol % Ag and 80 mol % NiO can yield acceptable area specific resistance (ASR) 2.24 m³ cm 2 at 800°C with reduced weight loss. However, in the steel/AgNiO paste/steel assemblies prepared with 3050 mol % Ag in mixed powders, each paste containing 64 wt % mixed powder, high ASR values of ³100200 m³ cm 2 after 1552 h thermal exposure at 800°C are observed. The low resistivity of the pellet with 20 mol % Ag is attributed to the formation of effective conducting pathways by complete sintering of the densely packed Ag particles through the pressing process in producing the pellets. For the steel/AgNiO paste/steel assemblies, Ag particles are scattered within the AgNiO layer and cannot readily get sintered. It is found that the resistance of AgNiO mixture critically depends on the mass concentration of Ag powder.
Introduction
In the stack composed of solid oxide fuel cells (SOFCs), contact paste is usually applied between interconnect and cell cathode to elevate electrical conductivity through improved adhesion of the two objects. 1) 10) The contact paste is normally prepared as a mixture of conductive powder and organic binder which is burnt out at elevated temperatures. The remained layer of powder particles serves with conductivity depending on factors such as the degree of particle sintering, distribution density, and intrinsic electrical properties. The resistivity of the contact layer changes due to chemical reactions with elements from surrounding components, structural defects like pitting, cracking, delamination, or vaporization, surface roughness 11) and existing oxide scale. 12) It was observed that contact resistance could account for ³2030% resistance in a stack. 13) Variation of contact resistance from cell to cell in a stack could cause non-uniform power distribution over the consisting cells. 14) Silver has been considered a contact material based on its excellent electrical conductivity and low melting point (³962°C) which enhances effective sintering at SOFC operating temperatures. It was claimed that silver paste screen-printed on cathode as the current collector could help reduce both polarization and ohmic resistance of the cell. 15) Another testing with Ag nanomesh as cathode at 250300°C revealed significant cell performance improvement. 16) Ag-doped La 0.8 Sr 0.2 MnO 3+¤ as cathode current collectors had obtained a lowered sintering temperature and close contact resistance to that of Pt paste. 17) Other similar systems with Ag-based perovskite composites had demonstrated longterm structural stability and satisfactory electrochemical properties. 18)20) Recently, Ag network synthesized on the electrolyte substrate was proposed as potential cathode and anode material for intermediate temperature SOFC. 21) Despite some promising experimental results, silver vaporization and oxidation seem to remain as serious problems during long-term operations. An attempt to use Ag as cathode for low temperature SOFC (³350°C) found quick voltage decline which was attributed to silver oxide formation. 22) Ag tubes exposed in dual (H 2 +3% H 2 O and air) atmospheres at 700°C for 100 h suffered severe structural damage through fast growth of microcracks due to the formation of steam bubbles within the bulk material, but remained integral if exposed in the air atmosphere alone. 23) Micro-pores were found in current-collecting silver wire after exposure at 750°C in a single-chamber SOFC condition for three days, 24) which was attributed to the formation of volatile silver oxide. With screen-printed Ag grid on the cell surface, the element was detected in the cathode and cathode/electrolyte triphase boundary 25) after one-week holding at 800°C. This might be from Ag vapor or Ag oxide vapor, or possibly also via solidstate diffusion. 26) In particular, when Cr-containing metallic interconnect is present, Ag 2 CrO 4 can form at 500°C and start evaporating above 625°C.
27) It was also reported that air flow as in the SOFC operation environment could raise Ag evaporation rate linearly up to a saturated level. 28) To prevent premature failure of the silver component, addition of oxides with high melting points to retard escape of Ag vapor is a possible means to be investigated. A previous study 29) of electroless Ni plating on steel plates as a protective coating showed good results to prevent out-migration of Cr from steel. Following that study, it is considered to add nickel oxide (NiO) to contact materials. NiO as a common and inexpensive chemical is stable in the SOFC operating environment. 30) The resistivity of NiO is 57 ³ cm at 900°C, approximately one fifteenth of that of Cr 2 O 3 commonly formed on metallic interconnect made of ferritic stainless steels. 31) In this study, we focus on Ag as the main conducting material to determine the critical amount of Ag necessary to reach below acceptable resistance (100 m³ cm 2 ). 32) Various amounts of NiO and Ag powders were mixed. To understand intrinsic properties of AgNiO mixture, AgNiO pellets were first produced to measure resistance and weight loss at the stack operation temperature. Steel/AgNiO/steel assemblies were then prepared to evaluate contact resistance, long-term stability and reactions between contact materials and ferritic stainless steel, which is similar to the real situation in a stack. Experimental findings were linked with microstructural observations. The applicability of such mixtures in SOFC stacks is discussed.
2. Experimental 2.1 Ag-NiO pellets 2.1.1 Specimen preparation
Various compositions of Ag (AgPRO, x mol %) and NiO (Showa, 100 ¹ x mol %) (x = 0, 10, 20, 30, 50, 100) powders were mixed with binder (mass ratio = 4:1) to form slurries. The particle size distributions of the Ag and NiO powders are listed in Table 1 . Each type of slurry was dried at 60°C for 1 h and grounded into fine powder. The grounded powder was loaded and pressed in a mold with 270 MPa for 60 s to yield pellets of 8.2 mm in diameter and 2 mm in thickness.
ASR measurement
Electrical resistance of pellets was measured using a four-wire method. The wiring configuration is shown in Fig. 1 (a). Ag paste was first applied on one of the pellet surfaces and sintered at 950°C for 1 h as an electrode, and the same procedure was repeated on the other surface. Ag wires were then attached on the two surfaces respectively with Ag paste sintered at 800°C for 1 h. Measurement was conducted at 800°C in a stagnant air atmosphere. Area specific resistance (ASR) is calculated according to Eq. (1):
where R is measured pellet resistance, and A the pellet cross sectional area (0.53 cm 2 ). The factor 2 is due to two pellet/Ag electrode interface areas.
Weight loss measurement
Other pellets of the same types as those used in resistance measurement were aged at 800°C in a stagnant air atmosphere without particular humidity control. Weight change of the pellets was monitored. At every 100 h interval, the pellets were cooled down to room temperature and weighed with a high precision balance. After the measurement, the samples were heated up again and held at 800°C for the next 100 h interval. Both the cooling and heating rates were 2°C min ¹1 . The accumulated ageing time at 800°C was 1200 h.
steel/Ag-NiO/steel assemblies 2.2.1 Specimen preparation
Stainless steel grade SS441 was obtained from the Nippon Steel Corporation. Chemical composition provided by the supplier is shown in Table 2 . The as-received SS441 steel sheet of 2.5 mm thick was cut into 10 © 10 mm 2 coupons and ground with SiC papers up to #1200 grit. The ground coupon surface was deposited with a ³4¯m La 0.67 Sr 0.33 MnO 3 (LSM) layer by pulsed DC magnetron sputtering 33) to prevent Cr out-migration from the steel bulk at high temperatures. The other surface was spot-welded Au wires for current supply and resistance measurement. Five types of Ag (x mol %)NiO (100 ¹ x mol %) (x = 0, 30, 40, 50, 100) slurries were prepared with a content of 20 wt % binder. Each type of slurry was further diluted with ethanol to form paste containing 64 wt % of AgNiO powder. The five types of pastes were screen printed respectively on the LSM-coated coupon surfaces. Thickness of the wet paste layer was ³100¯m. A testing assembly was formed by simply placing one coupon upon the other with wet AgNiO paste being sandwiched [ Fig. 1(b) ]. No external load was applied on the sandwich configuration. All assemblies were kept in an oven at 60°C for 3 h until the pastes were dried. Dry spilled paste, if any, was carefully scraped off the edges.
ASR measurement
ASR of the testing assemblies was measured using a four-wire method at 800°C for 1552 h in a stagnant air atmosphere. A current density of 0.5 A cm ¹2 was introduced except for the pure NiO assembly where 0.1 A cm ¹2 was applied due to the high resistance and measuring instrument compliance limit. ASR was calculated according to Eq. (1), where A is the coupon surface area (1.0 cm 2 ). The factor 2 is due to two steel/paste interface areas in the testing assembly.
Microstructure observation
After the electrical measurements, the steel/AgNiO/steel assemblies were embedded in epoxy and cut with a low-speed precision cutter. The assembly cross sections were ground and finally polished with 0.3¯m alumina powder suspension. Microstructures of the AgNiO pellets and sectioned steel/AgNiO/ steel assemblies were examined using a scanning electron microscope (SEM, Hitachi S-4800, Japan), equipped with an energy dispersive X-ray spectroscopy (EDS) to determine the elemental compositions.
Results and discussion

Ag-NiO pellets
The ASR of the AgNiO pellets is shown in Table 3 . It is found that resistance rose significantly beyond the acceptable Table 3 and Fig. 2 . As expected, the pure Ag pellet revealed maximum weight loss while the pure NiO showed the least due to the difference in the melting points (Ag: 962°C; NiO: 1955°C). Weight loss increased with more Ag content. From Fig. 2 , the pure NiO pellet showed more weight reduction than the 10 mol % Ag one during the 300 500 h period. The reason is not clear, but is probably related to microstructure evolution.
Based on the data of weight loss from pure Ag (5.6 mg) and NiO (2.0 mg), interpolated weight loss w for the x mol % AgNiO mixture is calculated as Eq. (2):
neglecting the factors of exposure areas of the two powders. Calculated results are listed in Table 3 . For 10 and 20 mol % Ag NiO pellets, interpolated data are slightly larger than measured ones, suggesting that NiO particles had provided some shielding on Ag evaporation. For 30 and 50 mol % AgNiO pellets, interpolations underestimate the experimental results. This may be partly due to lack of taking into account the silver exposure area, which should not be simply a linear relationship with the Ag mole ratio. From the comparison between interpolated and measured data, it is supposed that the addition of NiO brings no significant benefit on confining Ag vapor when the NiO mole ratio is less than 0.8. Since Ag evaporation depends on the break of AgAg bonds as well as migration and eventual escape of Ag atoms from surface sites, more surface area covered by NiO particles is desirable. Nevertheless, in order to maintain good electrical conductivity in the course of thermal exposure, 20 mol % of Ag is considered a minimum amount to keep. Microstructures of the same types of pellets after thermal exposure at 800°C for 167 h are shown in Fig. 3 . It was found that individual NiO particles could still be identified while Ag powder had been sintered completely. Sintering between NiO and Ag particles was not observed. With 10 mol % Ag content, most sintered Ag grains were still isolated by NiO particles. As the Ag level reached 20 mol %, Ag grains could connect with each other and form effective conducting pathways, resulting in sharp resistance drop by three orders of magnitude. For the Ag level of 30 mol % and higher, due to continuous expansion of conducting networks, resistance decreased accordingly with a slower descending trend.
steel/Ag-NiO/steel assemblies
The ASR changes of the steel/AgNiO/steel assemblies with ageing time are shown in Fig. 4 . Measurement data can be divided into three groups. The pure Ag assembly revealed the lowest resistance with a slowly increasing trend due to oxide growth in steel. The three AgNiO assemblies displayed close results with more Ag content yielding lower ASR values. The evolving trends were nearly flat, probably due to compensating effects between steel oxide growth which caused resistance to increase and gradual NiO sintering which improved conductivity. The pure NiO assembly presented a highest ASR level with a declining trend. This could probably be attributed to an ongoing mild sintering process of NiO powder. The ASR values at the end of 1552 h measurement are listed in Table 4 . It is seen that except for pure Ag, all other steel/AgNiO/steel assemblies demonstrate ASR higher than 100 m³ cm 2 . Nevertheless, the steel/50 mol %AgNiO/steel assembly shows a close value for application. Comparing the ASR of the 30 mol % AgNiO and 50 mol % AgNiO pellets in Table 3 , the 50 mol % AgNiO pellet shows a value nearly one order of magnitude lower than that of the 30 mol % AgNiO pellet. In contrast, the steel/50 mol % AgNiO/ steel assembly has a value only about half of that of the steel/ 30 mol % AgNiO/steel assembly. The difference in resistance reduction is related to the relative Ag mass concentrations in the samples. The original Ag mass concentrations in AgNiO pellets and in steel/AgNiO/steel assemblies of various compositions are shown in Table 5 . The ratio of the Ag mass concentration of the assembly to that of the pellet for 30 mol % Ag is 0.23, while the ratio is 0.2 for 50 mol % Ag. This means that the relative Ag mass concentration in the steel/50 mol % AgNiO/steel assembly is decreased. Moreover, in the assemblies conducting pathways were still not formed within the 50 mol % AgNiO layer. The enhancement of conductivity with more Ag content is thus not as significant as in pellets.
Cross sectional micrograph of 30 mol % Ag assembly is shown in Fig. 5 . It is noticed that Ag particles could not be sintered to form conducting pathways, in contrast to the observation in the pellet of the same composition (ref. Fig. 3) . Unlike a densified microstructure in pellets, Ag particles were scattered within the paste layer in the testing assemblies. Conductivity of the assemblies is thus quite different from that of the pellets. Figure 6 shows microstructural examinations at the steel/Ag NiO interface for the assemblies, which reveal similar thicknesses of the oxide scales ranging from 3 to 5¯m. In Fig. 6(a) , clear interface exists between the LSM coating and NiO powder, and so does between the LSM coating and Ag powder in Fig. 6(b) . The EDS curves also show no significant inter-diffusion at the interfaces. These suggest that no particular reactions occurred between the two contacting objects, and no new phase was formed. Considering relatively low resistivity of the Ag layer, the ASR value of the pure Ag assembly (7.18 m³ cm 2 ) represents the resistance level of the LSM coating and steel oxide scale. According to that, it is supposed that the resistance contribution from the coating and oxide scale is not able to account for the major part of the much higher ASR results of the steel/AgNiO/ steel assemblies. Most resistance should be from the paste layer, where the mass concentration of Ag powder appears as a decisive factor. From Table 5 , the Ag concentration in pastes is approximately one fifth of that in pellets. For the 20 mol % AgNiO pellet in which effective sintered conducting pathways formed, the Ag mass concentration was 1.49 g cm
¹3
. Only could the pure Ag paste nearly reach this critical value.
The test results of the steel/AgNiO/steel assemblies revealed differences in processes of assembling stacks in contrast to producing pellets. Subject to densification of mixed powder particles in the AgNiO pellets, the addition of NiO to mitigate Ag vaporization at 800°C while maintaining acceptable conductivity is achieved as the Ag:NiO mole ratio is 20:80. However, densification through a compressing process as in producing pellets is impractical when assembling stacks. The solid content is restricted in pastes due to the required viscosity condition for screen printing. For the paste applied in steel/AgNiO/steel assemblies in which the Ag mass concentration is less, the amount of silver must increase to form sintered conducting pathways. Since more silver in the AgNiO mixture results in more significant evaporation loss, the incorporation of NiO is not beneficial any longer when the Ag evaporation rate approaches that of pure Ag. To use AgNiO mixture as a contact material in stacks, another densification process of powder particles should be developed. It is proposed to produce AgNiO tapes via a tape caster with finer Ag powders. Instead of screen printing paste, the flexible tapes can be cut and attached to the contact surfaces. Reduced Ag particle sizes can further improve distribution uniformity and sintering to form conductive networks.
In consideration of using AgNiO mixture as a contact material in stacks, a densification process of powder particles should be developed. The required minimum Ag content to form effective conducting pathways at the operating temperature is then determined from resistivity measurement. At this AgNiO composition, the corresponding evaporation rate is examined and com- pared with that of pure Ag. Powder densification associated with reduced Ag particle sizes is an efficient way to enhance Ag mass concentration without inducing more Ag evaporation.
Conclusions
To study the potential of AgNiO mixture as a contact material applied between the cathode and interconnect in SOFC stacks, six compositions of Ag (x mol %, x = 0, 10, 20, 30, 50, 100) and NiO mixtures were prepared. The addition of nickel oxide was to mitigate Ag evaporation while maintaining low electrical resistivity. ASR change and weight loss at 800°C were examined. For AgNiO mixed powders pressed into the form of pellets, it was found that 20 mol % of Ag could result in acceptable ASR of 2.24 m³ cm 2 with weight loss slightly less than prediction after 1200 h exposure at 800°C. Comparing with the result of 10 mol % Ag (ASR = 5142 m³ cm 2 ), the resistance drop by three orders of magnitude was attributed to the formation of effective conducting pathways when Ag content became sufficient. Thus, the composition of 20 mol % Ag80 mol % NiO is considered proper for elevating conductivity while suppressing Ag evaporation.
Five types of x mol % AgNiO pastes (x = 0, 30, 40, 50, 100), each containing 64 wt % AgNiO powder, were screen printed respectively as a contact layer between the LSM-coated SS441 stainless steel coupons, and ASR measurements were conducted for 1552 h at 800°C. The electrical resistance of the steel/Ag NiO/steel assemblies with 30, 40, and 50 mol % Ag approximately ranged from 100 to 200 m³ cm 2 . Microstructural observations showed that silver particles were scattered within the contact layer and not able to get sintered to form effective conducting pathways. The resistance of AgNiO mixture is critically associated with the Ag mass concentration.
